Background: A sex difference in cisplatin-induced nephrotoxicity (CIN) has been reported in human and animal studies. We examined in humans whether it is associated with sex-hormone changes. Methods: In this retrospective nationwide cohort study, we used Taiwan's National Health Insurance Research Database (NHIRD) to identify patients with a history of malignancy and cisplatin treatment. Patients diagnosed with kidney disease before cisplatin treatment and those with sex-organ malignancies were excluded. A diagnosis of kidney disease within 90 days after the first administration of cisplatin was the study outcome. Risk factors were estimated using a Cox regression model. Subgroup analyses were performed based on different women's estrogen levels in phases of childbearing, perimenopause, and postmenopause. Results: A retrospective analysis of the records of 3973 men (mean age: 56.15 ± 12.85 years) and 1154 women (mean age: 56.31 ± 12.40 years) showed that 1468 (36.95%) men and 451 (39.08%) women had a new diagnosis of kidney disease. The risk factors were being > 55 years old, a high comorbidity score, and a history of aminoglycoside treatment. Only postmenopausal women had a significantly higher risk of kidney injury (hazard ratio: 1.28; 95% CI: 1.02-1.61) than did men. Conclusions: Perimenopausal women have a significantly higher risk of CIN than do men, which might be explained by women's higher levels of estrogen. Additional studies on the underlying mechanisms of the sex difference of CIN are needed.
Introduction
Sex-based differences are reported in various diseases, including acute kidney injury (AKI) and chronic kidney disease (CKD) [1] [2] [3] [4] [5] [6] [7] .
In general, women seem to have less frequent and less severe AKI and CKD than do men [2, 5, 8] . Some animal studies [8] [9] [10] [11] report that females are
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Cisplatin is a platinum-based chemotherapeutic agent widely used for solid tumors in lung, head and neck, ovary, and urinary bladder cancer. It kills cancer cells by crosslinking the DNA base, which induces DNA damage and impairs DNA repair. However, cisplatin has well-known side effects-neurotoxicity, nephrotoxicity, and bone marrow suppressionwhich often limits its clinical use [12] . Cisplatin usually induces AKI and is believed to contribute to the development of CKD [13] [14] [15] . The mechanisms are complicated and involve proximal tubule injury, inflammation, oxidative stress, and vascular injury, but they are not completely understood [16] . In proximal tubule injury, the organic cation transporters 2 (OCT2), which are primarily in the basolateral membrane of the renal proximal tubules, are considered important mediators of cisplatin uptake and a cause of renal tubular cell injury.
Although women seem to have less frequent and less severe AKI and CKD than do men, some studies [15, 19] report that being female is a risk factor of CIN. In animal-model CIN studies [20] [21] [22] [23] [24] [25] [26] , the benefits of renal protective drugs were detected in male but not in female rats, and treatment with estradiol did not protect the kidney but exacerbated the CIN. There are three life stages based on the ovary function and sex hormone changes in women: childbearing, perimenopause, and menopause [27] . The perimenopause stage is the period immediately before and one year after menopause, usually between 45-55 years old. In the perimenopause stage, estrogen levels are high and fluctuating, but they decline in the menopause stage [28] .
Our review of the literature revealed that no published clinical study focuses on whether the sex difference in CIN is associated with sex hormone changes. We compared the development of CIN between men and women based on the three life stages of women.
Materials and Methods

Data source
We did a retrospective cohort study using the 
Patients
We extracted the data of patients with an ICD-9-CM diagnostic code of 140-208 and with a catastrophic illness certification: the certification makes the malignancy diagnosis more reliable. All patients in the LHID2000 treated with cisplatin were included. To ensure that all who had been treated with cisplatin did not have comorbid CKD, any patients with a diagnosis of CKD (ICD- female-predominant breast cancer (ICD-9-CM: 174), or more than one kind of malignancy were also excluded. Patients with missing birthdate or sex information were also excluded. Nonsteroidal anti-inflammatory drugs (NSAIDS) are often prescribed before cisplatin treatment, nephrotoxic contrast media are used for computed tomography (CT), and, after cisplatin treatment, aminoglycosides (e.g., gentamicin and amikacin) are often prescribed for infection control. All such nephrotoxic substances are considered confounding factors. The Charlson comorbidity index (CCI) (without index values from the tumor) was used to evaluate comorbidities, if the comorbidity code appeared at least once in the admission code or three times in the Outpatient Department diagnosis codes within one year before cisplatin treatment. In addition, to evaluate the effect of estrogen in women, they were analyzed in agestratified subgroups: childbearing, perimenopause, and postmenopause.
Outcome Variables
The outcome of interest was the development of acute or chronic kidney injury with or without dialysis. The ICD-9-CM codes for these outcomes are listed in Table 1 . Patients were determined to be on hemodialysis or peritoneal dialysis based on its ICD-9-CM code. All patients who did not have an outcome of interest or who died within 90 days were right censored, or else they were followed-up until the date they were diagnosed with any of the outcomes of interest at least once in outpatient and in inpatient records. Table 1 . ICD-9-CM codes for acute kidney injury (AKI) and chronic kidney disease (CKD) ICD-9-CM code 584.9 acute kidney injury (AKI) 580-589 chronic kidney disease (CKD: nephritis, nephrotic syndrome, and nephrosis) 753 (congenital anomalies of urinary system) 403 (hypertensive chronic kidney disease) 404 (hypertensive heart and chronic kidney disease) 250.4 (diabetes with renal manifestations) 274.1 (gouty nephropathy) 440.1 (atherosclerosis of renal artery) 442.1 (other aneurysm of renal artery) 447.3 (hyperplasia of renal artery) 572.4 (hepatorenal syndrome) 642.1 (hypertension secondary to renal disease, complicating pregnancy, childbirth, and the puerperium) 646.2 (unspecified renal disease in pregnancy, without mention of hypertension)
Statistical Analysis
The mean difference between men and women for continuous variables-age, CCI score, and number of NSAID prescriptions-was analyzed using Student's t test. For categorical variables-age group, comorbidities, NSAID prescriptions, aminoglycoside treatment, exposure to contrast medium, CKD, and AKI-Pearson's χ 2 test was used to estimate the distribution difference between men and women. Kaplan-Meier curves were plotted to compare the incidence of kidney injury between men and women during the study period, and the log-rank test was used to examine the significance of the difference. Cox proportional hazard regression models adjusted for all potential confounding variables were also used. Because age and different cancer types treated with cisplatin are associated with different risks of kidney injury, we used a stratified analysis for different age groups and cancer types. SAS 9.4 for Windows (SAS Institute, Inc., Cary, NC) was used for all statistical analyses. Kaplan-Meier curves were generated using STATA 12 for Windows (Stata Corp., College Station, TX). Significance was set at α = 0.05.
Results
We identified, in the LHID2000, 53,731 patients with cancer; the birthdates and sex of all were indicated. However, 81 patients < 20 years old were excluded. Patients with more than one type of cancer or with malignant sex organs (14.8%) were also excluded. There were 5127 patients (3973 men [mean age: 56.15 ± 12.85 years]; 1154 women [mean age: 56.31 ± 12.40 years]) without previously diagnosed kidney disease who had been treated with cisplatin for cancer. The mean follow-up time was 61.16 ± 242.02 days with no significant sex-based difference (P = 0.9). Women had higher CCI scores, more NSAID prescriptions, and fewer aminoglycoside treatments than did men. There was no significant sex-based difference in exposure to contrast medium (Table 2) .
Overall, 451 (39.08%) women and 1468 (36.95%) men had newly diagnosed AKI (9 women; 37 men), CKD (445 women; 1439 men), or both (3 women; 8 men) within 90 days after cisplatin treatment (nonsignificant difference) ( Table 2) . A Kaplan-Meier survival analysis showed that women had a significantly higher risk of developing CIN (P = 0.0457) (Figure 1) . A Cox regression proportional hazards analysis showed that being > 55 years old, having a CCI > 2, and having a history of aminoglycoside treatment after cisplatin therapy were risk factors, but that having diabetes mellitus was protective against developing CIN. Being female, which initially was a risk factor for developing CIN, became nonsignificant after the analysis had been adjusted for hypertension (HTN), CCI score, number of NSAID prescriptions, and exposure to contrast medium or aminoglycoside after cisplatin treatment ( Figure 2) . A subgroup analysis by cancer type showed that women with head and neck rather than gastrointestinal tract or lung cancer had a higher risk of kidney injury after cisplatin treatment (Table 5 ). 
Discussion
We found a sex difference in CIN: women, especially perimenopausal women (45-55 years old), have a higher risk of developing CIN than do men. Being > 55 years old and exposed to aminoglycoside after cisplatin treatment are risk factors for developing CIN. Abbreviations: AKI = acute kidney injury; CCI = Charlson comorbidity index; CKD = chronic kidney disease; NSAIDs = nonsteroidal anti-inflammatory drugs; SD = standard deviation. *P value < 0.05. This is the first database study to focus on the sex difference in CIN based on sex hormone changes in women. Our finding is basically consistent with the findings of two studies [15, 19] which reported that renal function declined more in women than in men after cisplatin treatment. We used a short (3 months) instead of a long-term (6 years) follow-up [15] to avoid the bias from other complicated conditions that easily injure the kidney and limit the life span of cancer patients. Additionally, patients with ovarian cancer were included in one of those studies [19] but excluded in ours. In contrast, another study [14] found no sex difference in its observational clinical study of CIN. Perhaps the difference in the ethnicity of its study population (adults in Detroit, Michigan, USA), high percentage of male patients, and their lack of age stratification led to different results.
Sex steroids (estradiol, progesterone, and testosterone) are considered pivotal to the sex difference in renal disease. Animal studies report that estradiol provides major renoprotection because of its antioxidant, and vasodilation, anti-apoptosis, and anti-inflammation functions. The role of progesterone in renal disease is less clear, but it can be renoprotective or harmful under different conditions. Testosterone seems to have pro-oxidant and vasoconstriction functions that mediate renal injury [29] . The same group conducted a series of studies on the sex difference and the possible role of estradiol in CIN in rats and found that L-arginine and losartan and erythropoietin protected male but not female rats from CIN, [20, 21, 25, 26] and that some of these substances were harmful to female rats [20, 21] . Furthermore, they showed that the physiological dose of estradiol abolished the renoprotection of erythropoietin, and that the pharmacological dose of estradiol abolished the renoprotection of Vitamin C, Vitamin E, and losartan in bilaterally ovariectomized rats [22] [23] [24] ; estradiol-upregulated oxidative stress was suggested as the mechanism [23] . A recent study [30] reported that combined estrogen and progesterone treatment was dose-dependently renoprotective against CIN in bilaterally ovariectomized female rats. The study showed that an intramuscular injection of progesterone (10 mg/kg) plus estradiol (0.5 mg/kg) intramuscular injection protected the kidney more than did progesterone alone, but when the same dose of progesterone was combined with a higher dose of estradiol (1 mg/kg), the kidney injury score and kidney oxidase stress marker paradoxically increased. This interesting finding was consistent with our study result that a higher estradiol level in perimenopausal women indicated a higher risk of developing CIN. The expression of OCT2 on proximal renal tubules is attributable to CIN. Studies [31, 32] have reported that male rats express more OCT2 in proximal renal tubules than do female rats, and that the difference is related to testosterone. Human OCT2 critically mediates cisplatin nephrotoxicity. Sex differences in renal circulation might explain why CIN kidney damage is more severe in male than in female rats [33] . However, one study of OCT2 expression in the human kidney [34] did not show a significant difference between men and women, which might explain why our finding was not consistent with that of the animal model. The finding of our significant sex difference in CIN in perimenopausal patients might be related to high estradiol levels in this stage. We found that diabetes mellitus protected against developing CIN, which was compatible with findings in some animal studies [35] [36] [37] , but the mechanisms remain unclear.
Our study has some limitations. First, we lack real laboratory data that specify AKI severity or the CKD stage and hormone levels: this information is not provided by the NHIRD. Second, the diagnosis codes might be misrecorded or over-recorded. Third, we have no information about cancer stage, nutritional status, or other conditions that make patients more susceptible to renal injury (not provided by the NHIRD). Fourth, although we have information about how much money was spent on prescribed cisplatin, we do not know the real dose administered to patients (not provided by the NHIRD). Fifth, nor do we know any details about CIN prophylactic therapy provided each patient (not provided by the NHIRD). Sixth, most of our study population is Han Chinese in Taiwan; therefore, the results might have an ethnicity-specific bias. Seventh, some female patients were taking hormone replacement therapy, which might have interfered with the results.
We conclude that physicians should pay more attention to CIN in female patients with cancer. Additional studies to identify the underlying mechanisms of the sex difference in CIN and the role of estrogen might help diminish the risk of women developing CIN.
